On the basis of the spin-polarized density functional theory calculations, we demonstrate that partially-open carbon nanotubes (CNTs) observed in recent experiments have rich electronic and magnetic properties which depend on the degree of the opening. A partially-open armchair CNT is converted from a metal to a semiconductor, and then to a spin-polarized semiconductor by increasing the length of the opening on the wall. Spin-polarized states become increasingly more stable than nonmagnetic states as the length of the opening is further increased. In addition, external electric fields or chemical modifications are usable to control the electronic and magnetic properties of the system. We show that half-metallicity may be achieved and the spin current may be controlled by external electric fields or by asymmetric functionalization of the edges of the opening. Our findings suggest that partially-open CNTs may offer unique opportunities for the future development of nanoscale electronics and spintronics. *
I. INTRODUCTION
Carbon nanotubes (CNTs) are quasi one-dimensional nanostructures with unique electrical properties that make them ideal candidates for applications in nanoelectronics 1, 2, 3, 4, 5, 6, 7 .
Because bare CNTs alone do not satisfy the requirements for actual applications, considerable experimental and theoretical efforts have been directed toward tailoring the electrical and mechanical properties of CNTs through various methods 5, 6, 7, 8, 9, 10, 11 . Among them, chemical functionalization/doping and the application of external eletric/magnetic fields are known as being practically viable approaches to tailoring the electrical properties of CNTs 5, 7, 12, 13, 14, 15 . In general, carbon-based systems are promising candidates for spin-based applications such as spin-qubits and spintronics 11, 12, 16, 17, 18, 19, 20 ; they are believed to have exceptionally long spin coherence times because of the absence of the nuclear spin in the carbon atom and very weak spin-orbit interactions. Therefore, in addition to their unique electrical properties, designing and modulating the spin injection and spin transport in CNTs have drawn heightened attention.
Recently, some methods have been proposed for lengthwise (i. e., along the CNT axis) cutting to produce graphene or narrow graphene nanoribbons (GNRs) 21, 22, 23, 24, 25 ; these include etching with a plasma or an oxidizing agent to unzip the CNT 21, 22, 23 . Moreover, the CNT sidewalls can be opened longitudinally by lithium atoms (or transition metal nanoparticles) intercalation and followed by exfoliation 24, 25 . It is interesting that the degree of stepwise opening is controllable by the amount of oxidizing agent or lithium atoms (or transition metal nanoparticles); partially-open CNTs have been observed in transmission electron microscopy or scanning electron microscopy images 21, 22, 24, 25 . There also exist a few theoretical studies on the unzipping mechanism of CNTs into GNRs 26 and the electronic transport in partially unzipped CNTs 11 .
Armchair CNTs are one-dimensional metals with Dirac-like states crossing the Fermi level, and GNRs have edge states around the Fermi level which can induce magnetic ground states 17 . Since a partially-open CNT is composed of both a CNT and a curved GNR, it is expected to have more diverse properties and its electronic properties could be sensitive to the cutting width (i.e., the circumferential length of cutting) as well as the cutting length.
The edges at the opening may be chemically active for further chemical modifications as well. 
II. COMPUTATIONAL METHODS AND MODELS
In the present study, electronic structure calculations were performed using the Vienna Ab initio Simulation Package (VASP) 27 within the framework of the DFT. The projector augmented wave (PAW) potentials 28 and the generalized gradient approximation with the Perdew-Burk-Ernzerhof (PBE) functional 29 were used to describe the core electrons and the exchange-correlation energy, respectively. The cutoff energy for the plane wave basis set was set to 400 eV. Energies were converged to 10 −5 eV, and the residual forces on all atoms were converged to below 0.02 eV/Å. The supercell for the (8, 8) CNTs of 2.5 nm in length was considered for typical calculations and the distances between two adjacent CNTs were maintained at least 10Å to avoid the interactions between them. Three MonkhostPack special k -point meshes yielded ∼ 1 meV per atom convergence of the total energy.
The geometrical structures obtained from optimization processes were used to investigate the electronic and magnetic behaviors under static external electric fields (E ext ); our test calculations for E ext ≤ 0.5 V/Å on partially-open (8, 8) CNTs showed that the geometry relaxation from E ext had a negligible effect. E ext was implemented using a dipole layer in the vacuum, following widely-used Neugebauer and Scheffler's method 30 .
2 Obviously, the energy degeneracies caused by the zone folding at the Brillouin zone boundary were lifted by the mirror symmetry breaking due to the existence of the opening (defect);
however, no defect states were generated around the Fermi energy and the system was still metallic. Charge density analysis ( Figure 2f ) showed that the charge density around the Fermi energy was similar to that of a finite armchair CNT 31 and some standing wave nodes occurred, which was due to the quantum confinement effects of the opening. For L o > 9, the ground state changed from a NM state to a spin-polarized state.
There were two stable spin-polarized states similar to that of zigzag graphene nanoribbons (ZGNRs) 17 , antiferromagnetic (AFM) and ferromagnetic (FM) state. The AFM configuration had the same spins lining up at each zigzag edge at the opening but with a relative spin orientation between two zigzag edges opposite to each other. On the other hand, the FM configuration had the same spins throughout. Both AFM and FM states were semiconducting while the NM state (which was unstable with respect to spin-polarized states) was metallic. The band gap of the spin-polarized states increased as the cutting length increased, as plotted in Figure 1b . (L t + L o = 28) produced essentially the same results as before (the conversion from a metal to an NM semiconductor to an AFM semiconductor), suggesting that the periodic supercell calculation should be a reasonable approximation in the present case. Unlike ZGNRs, the NM state here only had Dirac-like bands crossing at the E F . However, due to the opening, the DOS of the NM state near E F increased (i. e., the bands were flattened near E F ), as the cutting length L o increased from 11 to 15, as shown in Figure 4 .
This presumably led to instability of the NM state and stabilized the spin-polarized state, analogous to ZGNRs.
We also show in Table I the relation between the electronic structure and the cutting width (W ) for three different cutting lengths. For a short cutting length (L o = 5), when W increased, a small band gap opened up because of the increased backscattering from Table SII , Supporting Information).
In order to investigate the curvature effect on electronic and magnetic properties of partially-open CNTs, we also calculated the electronic structures of (6, 6) and (10, 10) CNTs. Here, all the CNTs had the same supercell length along the axial direction. Similar to the (8, 8) CNT, the (6, 6) and (10, 10) CNTs showed the conversion from a metal to a semiconductor to a spin-polarized semiconductor by increasing the cutting length L o . The relation between the band gap and the diameter of the CNT is listed in Table II 
Homogeneous External Electric Fields for Modulating Properties of Partially-Open CNTs.
The response of CNTs to an external electric field (E ext ) is an interesting subject for future applications 12, 13 . The three directions of E ext (+x, +y, −y), which were all perpendicular to the tube axis direction, z, were considered. It is noted that +x is equivalent to −x while +y is not equivalent to −y in the partially-open CNTs. Before the calculations of our system, some tests were done on the ZGNRs, using the E ext method and the GGA approximation with the PBE functionals. Our tests showed that E ext effect obtained from the GGA was significantly larger than that from the local density approximation (LDA); this was consistent with previous observations 33, 34 . For example, the critical value of E ext for half-metallicity in 16-ZGNR in our GGA calculations was ∼ 0.55 V/Å, which was much larger than that from LDA calculations (∼ 0.20 V/Å), and the difference agreed with previous works 33, 34 . Figure 6c . The bond length between the carbon atom in the COOH group and the edge carbon atom at the opening was ∼ 1.47Å. The COOH group acted as an electron-acceptor whereas the OH group was effectively an electron donor.
The asymmetric edge termination with COOH and OH groups resulted in a large potential difference between the two edges, and the effect was similar to applying electric fields in the x direction as studied before (Figures 5d and 5g) . Figure 6f shows the spin splitting effect and the system became a half-metal as expected from the analogy to applied electric fields. Here, the half-metallicity was permanently established without external electric fields.
Thus, we can conclude that the chemical modification is an efficient method of tailoring spin properties of our proposed system.
IV. SUMMARY
Using the spin-polarized density functional theory, we demonstrated that partially-open armchair CNTs had unusual electronic properties depending on the degree of opening. A partially-open armchair CNT was converted from a metal to a semiconductor to a spin-13 polarized semiconductor by increasing the opening length. The spin-polarized states became more stable than nonmagnetic states with increase in the opening length. In addition, external electric fields and chemical functionalization were shown to be utilizable for controlling the electric and magnetic properties, as well as producing still other interesting properties such as electrical switching and half-metallicity.
